The re~onant amplitude~ for the ~ingle pion photoprocluction from the nucleon are calculated at the second pion-nucleon resonance. A simple model is used, in which the second re~onance and nucleon ground states are repre~ented by solutions of the Klein-Gordon equation with effective potential~ chosen suitably. The amplitudes for the electric dipole and the magnetic q~adrupole transitions, E 2~ and lv1 2 , and the total cross section for the resonant photoproduction of neutral pions are computed. The main feature~ of the resonant photoproduction process are well explained by this simple model.
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In recent years numerous experiments on the photoproduction of pions have been made up to about 1.2 Ge V and several quantities, for example, the differential cross sections and the spin polarizations of the recoil nucleons, were measured.
First the experimental results were interpreted phenomenologically in terms of the so-called second and third pion-nucleon resonances. Assuming a resonance model with adjustable parameters, Salin 1 ) analysed the photoproduction of positive and neutral pions and gave a good fit of all photopion production data fron1 threshold to 900 MeV. But later the dif-ferential cross sections of neutral pions were measured accurately at forward and backward angles, 2 ) and revealed a disagreement with the result of Salin's calculation in the vicinity of 800 MeV. Around the second resonance, the measured angular distributions of neutral pions are approximately symmetric with respect to 90°, and small at forward and backward angles. Beder 3 ) presented a tentative fit of cross sections by taking appropriately the ratio of electric and magnetic transition amplitudes for the second rr-N resonance. If these ratios are in the vicinity of Ez~~/ J1.![ 2 _ = 3, the angular distributions are well explained. Here the amplitudes E 2 _ and J.l.!f 2 _ denote the electric and magnetic transition amplitudes, respectively, defined by Chew, Goldberger, Low and Nambu/) that is, the amplitudes Mt-and Et-~ refer to transitions initiated by magnetic and electric radiation, respectively, leading to final n-N states of orbital angular momentmn l and total angular momentum j c::c= l---}. Also some "other experimental evidences, for example, the transverse cross section for electrons scattered inelastically from protons of a considerable amount of the magnetic quadrupole transition. Other attempts to predict the amplitudes were based on the dispersion relation approach. But in order to obtain a prediction one has to make drastic approximations. Using fixed-t-dispersion relatjons, Schmidt, Schwiderski and \Vunder') analysed the pion-photoproduction process in the region of the second resonance. They considered the contributions of the second resonance as small corrections to the amplitudes and phenomenologically concluded that a good fit is possible for .JE 2 _) Lil\11 2 __ ~3. Bietti 8 ) considered commutation 1~elations between the non-relativistic electric dipole and magnetic quadrupole operators, and got sum rules. Then he vsed these sum rules for deriving the ratio between the E2-and !'11 2 _ amplitudes in single-pion photoproduction, and obtained similar results.
Recently Yamaki 0 ) made in detail a phenomenological analysis of the photoproduction amplitudes for neutral pions in the energy range from 300 MeV to 800 MeV, and concluded that the ratio E2_jl\;J2 _ = 3 is favourable at the second resonance.
The main purpose of the present paper is to calculate the ratio of the electric and magnetic transition amplitudes at the second n-N resonance on the basis of a simple model. In this model the pion-nucleon system is represented by the Klein-Gordon equation with effective potentials chosen suitably, and the second resonance and nucleon ground states are taken to be the solutions of this equation. The transition multipole moments are computed by using spherical Bessel functions. Feld
10
) used a similar model for describing the nucleon ground state and the first 7h.~ resonance, and also Otsuki and Sawada
11
) took an analogous model for systematizing the meson-baryon resonances.
In ~ 2 of this paper we deal .with the n1ultipole expansion of the radiation £1eld. Section 3 is concerned with the description of the second resonance and nucleon ground states. In ~ 4 the formulas for photopion production are giVen. In § 5 the results of numerical computations are summarized and discussed.
~ 2. Multipolc radiation vVe are concerned with the electromagnetic processes involved in the excitation of the second pion-nucleon resonance, r + JV-> N**--"~-7C -+-N. ]'he conservation of angular momentum and parity limits the possible processes responsible for the photomeson production to the electric dipole and the n1agnetic quadrupole photon absorption. Rather than consider directly the photoproduction process, we first compute the cross section for the inverse reaction, rc+1V->N**->r+N, and then get the cross section for photopion production by the detailed-balancing argument.
)
The cross section for the inverse proeess can be expressed in the center of mass system as
Here !?-and q denote the momenta of the photon and pion, respectively, while NJ and W are the masses of the nucleon and the second ;r-N resonance. The transition matrix T is given by (2) where j and A n1ean the electromagnetic current of the system and the vector potential of the radiation field, respectively, and we describe the initial and final states of the pion-nucleon system by the wave functions (/)i and (/) 1 . In the solenoidal gauge the vector potential of the plane wave can be represented as a superposition of multipoles in a following way/ 3 )
L=lili=~L where ALM (m) is the vector potential of the magnetic 2L pole field and ALM (e) that of the electric 2L pole field, and these can be written explicitly as
AL'
Here j L is the spherical Bessel function. In Eq. (3) the matrix D/.;p n1eans the usual representation of a rotation, and the polarization index p = ± 1 corresponds to left and right circularly polarized waves, respectively. Then the amplitude of the electric radiation is given by 13 ) 
Further, this expressiOn IS rewritten as
Similarly the amplitude of the magnetic radiation is given by
Using the above formulas and taking angular integral and polarization sum with respect to the radiation in Eq. (1), we obtain the total cross section for the inverse process, § 3. Description of the second resonance and nucleon ground states
We assume that the pion-nucleon system is described in the centre of mass system by the Klein-Gordon equation with an effective potential V, (9) where E is the total energy of a pion, E 
V=O
for r>rz. (10) An equation similar to (9) was used by Otsuki and Sawada 11 l for systematizing the meson-baryon resonances. Then the wave function ([Ji can be written as (11) in which x (1/2) refers to the isotopic spin 1/2 state, lJf' (ds; 2 ) the angular momentum d 3 ; 2 state, and R 2 (r) the radial wave function which satisfies the above equation (9) . For example, the m = 1/2 member of the lJf' (ds; 2 ) Fig. 1 . Diagram corresponding to the process considered in this paper.
Rz(r) =Nzjz(azr)
Rz (r) = vBnnz (qr)
for r<rz, Felc"J.l 0 l called this model the " atomic model " of the physical nucleons. The interaction between the nucleon core and the pion is described by a square-well potential -Vo of range r 0 similar to Eq. (10) . This represents phenomenologically a modification of the vertex part A in Fig. 1 , accordingly a nucleon form factor. In this way, the wave function of the nucleon ground state, {jj;, can he written as
S. llatano
where lJf (p 112 ) refers to the angular momentmn jJ 1 ; 2 state, and the radial wave function Ro (r) is given explicitly as follows :
The form of the expression (14') is determined by a condition that outside the range r 0 it should coincide with the static solution of the Yukawa equation The resonant cross section, (J '/77:, is divided into two parts, one for the electric dipole transition, (J (E1), and the other for the magnetic quadrupole transition, u(M2); (18) In the calculation of the T matrix, the spin sun1 over the initial nucleon state is simplified, if the z-axis is chosen to lie along the direction of the incident pion. Then, the sum over initial states contains just two terms, corresponding to the two possible polarizations of the target nucleons and, if the target nucleons are initially unpolarized, these two terms are equal. It suffices, then, to compute just two transition amplitudes corresponding to the spin nonflip (M = 0) and the spin.:flip (M = 1) transitions for each multipole in Eq. (8) .
In this paper we take only the contributions of the n meson current into account, so that we assume that the current density operator j is given by
and it is a third component of an isovector. In Eq. (19) ¢ is the usual complex pion field. Of course, our effective potential V depends· on both the isotopic spin of the system and the momentum of the pion. In other words the potential V contains exchange and velocity-dependent interactions. Therefore, besides the meson and nucleon currents the gauge invariance requires some additional couplings to the radiation field. Since these couplings are directly dependent on the pion-nucleon interactions which at present we do not know very well, we shall omit the contributions of the above additional interaction currents as well as the nucleon current. In this case the. expression (17) must be multiplied by a factor of 1/3, which takes account of the weight in isotopic spin. Introducing Eq. (19) into Eqs. (6') and (7') and using Eqs. (8), (17) and (18) In order to check the reliability of the radial wave functions, we also calculate the root-mean-square radius of the distribution of charge in proton, <r 2 )P 1 1\ and the width of the second resonance, T. The former is given in this model by (22) in which the subscript 0 denotes the expectation value with respect to the nucleon ground state. The width T is estimated by the following expression, l4)
where Er refers to the resonance energy and the quantities (jj 2 and P2 are defined by the relations
(25) § 5. Results and discussion
In the practical application of our model we shall, for simplicity, take the two. parameters ro and r 2 to be equal,
For four values of the parameter b, the quantities mentioned hitherto are computed. The numerical results are summarized in Table I barns. Column 6 fits these values for the parameter brv (0.7 rv0.8) X l0-13 em.
Then the ratio Ez-/Afz_ is expected to be between the values of 4 and 6 from the last column. These figures are somewhat larger than the value of 3 mentioned in § 1. However, considering the ambiguities involved in the multipole analysis of the experimental data and the crudeness of our model, we can conclude that the main features of the resonant photoproduction process are well explained by our simple model. vVe neglect the absorption effects of inelastic processes and the contributions of the nucleon current and the additional interaction currents. rrhough we should take these effects into account, our results will not change essentially even if we consider them. An investigation of this point is now in progress.
Finally we remark on the works hasecl on the quark model. Moorhouse 17 l showed that the quark rnodel makes no remarkable staternents about the photoproduction of the second pion-nucleon resonance, that is, the allowed electro-magnetic multipole transitions are also allowed by the quark 1nodel. Recently Fujimura, T. H. Kobayashi and T. R. Kobayashi
18
) have investigated the photoproduction of the second resonance more precisely. Taking account of only the contributions of one quark excitation and neglecting those of the exchange current, they calculated the ratio of the magnetic and electric transition widths, Tm/Te, and obtained a value Tm/Te~l/10. This value corresponds to the ratio a (El) /a (l'v12) ;:::,~ y/l(j and is in good agreement with our results.
